TGF-b and Notch signaling pathways play important roles in regulating self-renewal of stem cells and gastrointestinal carcinogenesis. Loss of TGF-b signaling components activates Notch signaling in esophageal adenocarcinoma, but the basis for this effect has been unclear. Here we report that loss of TGF-b adapter b2SP (SPNB2) activates Notch signaling and its target SOX9 in primary fibroblasts or esophageal adenocarcinoma cells. Expression of the stem cell marker SOX9 was markedly higher in esophageal adenocarcinoma tumor tissues than normal tissues, and its higher nuclear staining in tumors correlated with poorer survival and lymph node invasion in esophageal adenocarcinoma patients. Downregulation of b2SP by lentivirus short hairpin RNA increased SOX9 transcription and expression, enhancing nuclear localization for both active Notch1 (intracellular Notch1, ICN1) and SOX9. In contrast, reintroduction into esophageal adenocarcinoma cells of b2SP and a dominant-negative mutant of the Notch coactivator mastermind-like (dnMAN) decreased SOX9 promoter activity. Tumor sphere formation and invasive capacity in vitro and tumor growth in vivo were increased in b2SP-silenced esophageal adenocarcinoma cells. Conversely, SOX9 silencing rescued the phenotype of esophageal adenocarcinoma cells with loss of b2SP. Interaction between Smad3 and ICN1 via Smad3 MH1 domain was also observed, with loss of b2SP increasing the binding between these proteins, inducing expression of Notch targets SOX9 and C-MYC, and decreasing expression of TGF-b targets p21(CDKN1A), p27 (CDKN1B), and E-cadherin. Taken together, our findings suggest that loss of b2SP switches TGF-b signaling from tumor suppression to tumor promotion by engaging Notch signaling and activating SOX9. Cancer Res; 73(7); 2159-69. Ó2013 AACR.
Introduction
Despite a decrease in the overall cancer incidence in the united States, the incidence of esophageal cancer continues to increase with an estimated 17,460 new cases reported in 2012 (1) and a 5-year survival rate for patients with advanced disease of only 0.9% (2) . Eesophageal adenocarcinoma, the predominant form in western world, typically arises from Barrett's esophagus, a metaplastic transformation of the native esophageal squamous epithelium into columnar epithelium in response to gastroesophageal reflux (3) . The risk of malignant progression among patients with Barrett's esophagus is 0.22% to 0.5% per year (4) . A lack of molecular predictors and clear mechanisms for Barrett's esophagus progression are the critical barriers for developing clinical useful strategies for Barrett's esophagus managements. The TGF-b and Notch signaling pathways play important roles in regulating stem cell selfrenewal, cell fate determination and frequently implicated in gastrointestinal carcinogenesis including esophageal adenocarcinoma (5) (6) (7) (8) . Deregulation of these pathways along with improper interactions between them may represent key events for esophageal adenocarcinoma carcinogenesis.
TGF-b is a pleiotropic cytokine that plays a central role in maintaining epithelial homeostasis. Dysfunction of TGF-b signaling is widely associated with many tumors (9) (10) . TGF-b signals are conveyed from type I and type II transmembrane serine/threonine kinase receptors to the intracellular mediators-Smad2 and Smad3, which further complex with Smad4, translocate to the nucleus and bind to Smad-binding elements (SBE; GTCTAGAC) in target gene promoters and activates its targets such as p21, p15, p16, p27 (11) (12) (13) . Proper control of TGF-b signaling tumor suppressor function requires an additional adaptor protein b-2 spectrin (b2SP; ref. 14) . b2SP plays an essential role in cell-cell interactions and maintenance of epithelial cell polarity. Interestingly, 40% of mice with heterozygous deletion of b2SP developed hepatocellular carcinoma and 90% of b2SP þ/À /Smad4 þ/À mice developed gastric cancer and other gastrointestinal cancers (15) . Dysfunctional TGF-b signaling has been reported in esophageal adenocarcinoma. Smad4 mRNA expression progressively decreases in the metaplasia-dysplasia-adenocarcinoma sequence and smad4 promoter methylation was found in 70% of primary Barrett' adenocarcinoma samples (16) . However, the functionality of TGF-b signaling loss and the mechanisms of its action, especially the role of b2SP
has not yet to be established in esophageal adenocarcinoma. Notch signaling is another key pathway in the stem cell signaling network. Aberrant Notch signaling has been implicated in a variety of tumors including colon cancer, glioma, and Tcell leukemia, etc (17) (18) (19) (20) . Binding of Notch ligands to receptors leads to a release of the intracellular region of Notch1 [the active form of Notch1, intracellular Notch1 (ICN1)] cleaved by the g-secretase protease complex, which is composed of 4 integral membrane proteins, presenilin1 and presenilin2, nicastrin, and PEN2; ICN1 translocate to the nucleus, forms a complex with RBP-Jk and the transcriptional coactivator mastermind-like (MAML) in the RBP-Jk-binding site (TGTGGGAA) and activates transcription of its target genes (21, 22) . SOX9, a high-mobility group box transcription factor, is required for development and lineage commitment. SOX9 has been reported to be a direct target for Notch signaling (23) and documented a stem cell marker (24) . Recently, it was reported that SOX9 is highly upregulated in many premaligmant processes and tumor tissues and plays a functional role in tumor progression and invasion. Patients with higher SOX9 mRNA level had shorter overall survival in human breast tumors (25) . In prostate tissue, SOX9 as part of a developmental pathway is reactivated in prostate neoplasia where it promotes tumor cell proliferation (26) . Gene knockdown studies have showed a role for SOX9 in cell migration and invasion in UroCa cancers (27) . Notch signaling and SOX9 have been implicated in cancer development; however, they have not been well studied in esophageal adenocarcinoma.
Our previous study (28) showed an inverse expression pattern between TGF-b and Notch signaling components in esophageal adenocarcinoma tissues. Here, we provide evidence that loss of b2SP directly activates Notch signaling and increased expression of its target SOX9 at the level of transcription through interactions between Smad3 and ICN1 at Smad3 MH1 domain. Our study for the first time provides evidence that loss of b2SP in TGF-b signaling may switch Smad3 function from tumor suppression to tumor promotion by engaging Notch signaling and increasing expression of SOX9.
Materials and Methods

Cells and reagents
The human esophageal adenocarcinoma cell lines FLO-1, SKGT-4, and BE3 have been previously described (29, 30) and these cell lines were authorized and recharacterized in the characterized cell line core facility of The University of Texas MD Anderson Cancer Center (Houston, TX) every 6 months. g-Secretase inhibitor (GSI) XXI was from Calbiochem. Antibodies p21, p27, and C-MYC were obtained from Santa Cruz Biotechnology. Antibodies Smad3, Cleaved Notch1 (ICN1, VAL1744), E-cadherin, Twist, were purchased from Cell Signaling. SOX-9 and Hes-1 were from Chemicon. The antibody against b2SP has been previously described (14) . Dominantnegative MAML (MigR-dnMAN) was provided by Dr. Pingyu Zhang (The University of Texas MD Anderson Cancer Center) and previously described (31) .
Cell proliferation assay
Cell proliferation assays were previously described (28) . b2SP þ/þ and b2SP À/À MEFs cells morphology was illustrated by EVOS digital inverted microscope at Â10 magnification.
Protein extraction and Western blot analysis
Protein isolation and Western blot analyses were done as previously described (32) .
Transient transfection and luciferase reporter assays
SOX9 luciferase reporter and their deletions (33) were kindly provided by Dr. Sonsoles Piera-Velazquez (Thomas Jefferson University, Philadelphia, PA). Jagged1 promoter (pJPF2) and Hes-1 promoter were kindly provided by Dr. Randy L Johnson (the University of Texas MD Anderson Cancer Center). Transient cotransfection with luciferase reporters and Renilla vector were done as previously described (32) .
Immunohistochemistry
Immunohistochemical staining for SOX9 was done on tissue microarray slides consisting of 113 esophageal adenocarcinoma and nonneoplastic esophageal tissue samples from patients who underwent esophagogastrectomy without neoadjuvant therapy using antibody against SOX9 (1:2,000 dilution) as described previously (28) . The staining results were evaluated by a pathologist (D.M.) on the basis of the percentage of tumor cell nuclei stained (0, no staining; 1, 10%; 2, 10-50% and 3, >50%) and the staining intensity (0, negative; 1, weak; 2, moderate; and 3, strong).
Matrigel invasion assay
The invasive capability of cells was determined by using Matrigel-coated invasion chambers with 0.8-mm pore size according to the protocol (BD Biosciences) as previously described (34) .
Indirect immunofluorescence and flow cytometry
Indirect immunofluorescence staining was done as described (34) . Putative cancer stem cells was labeled by indirect Alex-anti-OCT4 antibody at 1:1,000 and analyzed by flow cytometry using BD FACS Caliburs (BD Biosciences).
Quantitative real-time PCR
To quantify the changes in SOX9 mRNA level, real-time reverse transcription (RT)-PCR was done on the ABI Prism 7900 (Applied Biosystems) using the commercially available gene expression assay for both SOX9 (Hs00165814 -ml; Applied Biosystems) and cyclophilin A (4326316E; Applied Biosystems) as described previously (34) . The C1000 Thermal Cycler-CFX96TM Real-Time System (Bio-Rad) automatically determined the amount of change for SOX9 in each sample using the ddCt method with 95% confidence interval.
GST-pull-down assay and immunoprecipitation
Immunoprecipitation from total cell lysate were done as previously described (34) . Full-length and various domains of GST-tagged Smad3 pGEX-4T-1 constructs and Flag-Smad3 were from Dr. Lopa Mishra's laboratory. GST fusion proteins were purified as formerly described (35) . For pull-down studies, aliquots (800 mg) of cell total protein from esophageal adenocarcinoma cell lines SKGT-4 and BE3 were mixed with either pGEX-4T (vector only), full-length GST-Smad3, or GST-Smad3 MH1, MH2 or link domains immobilized on glutathione-agarose beads for overnight at 4 C. Bound proteins were collected by centrifugation and resolved by 12% SDS-PAGE. Western blotted using an antibody against active intracellular Notch domain1 (val1744) antibody (Cell Signaling Inc.).
Mobility shift assays
Nondenatured nuclear extracts were prepared using the NE-PER extraction kit (Thermo Scientific). Mobility shift assays were done using Gel-shift kit (Panomics) according to the protocol as described (36) .
Tumor sphere formation assay
Single cells (2,500/well) were seeded in triplicate onto a 6-well ultra-low attachment plate (Corning) in serum-free DMEM/F-12 supplemented with 10 ng/mL epidermal growth factor, 5 mg/mL insulin, 0.5 mg/mL hydrocortisonum, and bovine pituitary extract (Invitrogen). After 10 to 14 days of culture, the number of tumor spheres formed (diameter >100 mm) was counted under microscope.
Chromatin immunoprecipitation assay
The chromatin immunoprecipitation (ChIP) assay was done in accordance with the manufacturer's instructions (Upstate) as described (36) . The DNA-protein complex was sheared by sonication. A 1% portion of the sheared DNA-protein complex was kept as an input DNA sample. Anti-Smad3 and normal IgG were used for immunoprecipitation. Enrichment of promoterbinding levels was analyzed by real-time PCR. Specific SOX9 promoter primers flanking the SBE and RBP-Jk sites of the SOX9 proximal promoter were as follows: (forward) 5 0 -CGA ATA CTG CAA ACT CCA GCT-3 0 and (reverse) 5 0 -CGA ATC TTG TGT GTG TGT GTG-3 0 .
In vivo xenograft mouse model Esophageal adenocarcinoma cells with genetically knockdown b2SP or/and shSOX9 and control cells were subcutaneously injected with 2 Â 10 6 cells in nude mice. When tumors reached a size of approximately 50 mm 2 , shb2SP group was divided by 2, one group was treated by intraperitoneal (i.p.) injections with buffer alone (control), the other group treated by i.p. injections with GSI (200 mg/kg) for 2 weeks; n ¼ 6 each group. The tumor size was measured by using a digital caliper (VWR International), and the tumor volume was determined with the formula: tumor volume (mm 3 ) ¼ [length (mm)] Â [width (mm)] 2 Â 0.52. All the measurements were compared using unpaired Student t test.
Statistical analysis
Data were analyzed using the Student t test. Tissue sample sets of immunohistochemical data were assessed the significance using the Kaplan-Meier estimate. A P value of <0.05 was required for statistical significance, and all tests were 2-sided. All tests were done with SPSS 10.1 software (SPSS Inc.).
Results
Nuclear SOX9 expression in esophageal adenocarcinoma tumor tissues was correlated with a poorer clinical outcome SOX9 is a direct Notch signaling target that maintains stem or progenitor (transit-amplifying) cells (37) . To determine SOX9 expression in human esophageal adenocarcinoma tissues, immunohistochemistry was done in 113 cases tumor tissue microarray using specific SOX9 antibody. As shown in Fig. 1A , nuclear SOX9 expression was progressively increased along with the disease stages and differentiation status. The nuclear staining of SOX9 was absent or weakly expressed in normal squamous epithelium; however, SOX9 was positive in majority of esophageal adenocarcinoma tumor cells nuclei in esophageal adenocarcinoma tumor tissues. The tumors were categorized into SOX9-low (combined scores <5) and SOX9-high (combined score ! 5) groups. The Fig.  1B shows that high nuclear SOX9 expression increases along with raised tumor stage. Further study of SOX9 nuclear expression by Kaplan-Meier analysis (Fig. 1C) indicated that high levels of nuclear SOX9 expression was associated with poor survival in esophageal adenocarcinoma patients in univariate analysis (P < 0.05). Furthermore, high SOX9 nuclear expression was significantly correlated with lymph node metastasis as shown in Supplementary Table S1 (P ¼ 0.03). These data suggest that nuclear expression of SOX9 is an adverse prognostic factor for survival in esophageal adenocarcinoma patients.
Deletion of b2SP in MEFs leads to upregulation of Notch signaling and increased expression of SOX9
To determine if SOX9 upregulation is because of loss of TGFb signaling, we found that Hes1 and SOX9 expression increased by 15-and 40-fold, respectively, in MEFs À/À ( Fig. 2A) . The quantification of Hes-1 expression was determined by densitometry ( Fig. 2A, right) . Upregulation of SOX9 and Hes1 was accompanied by increased nuclear localization of ICN1 by immunofluorescence in MEFs with loss of b2SP (Fig. 2B) . Notch1 receptor and Hes-1 promoter activity were increased in MEFs cells and esophageal adenocarcinoma tumor cells with loss of b2SP ( Supplementary Fig. S1 ). Furthermore, b2SP À/À MEFs grew faster, showed mesenchymal phenotype, and acted like immortalized cells, whereas wt MEFs grew slowly had an epithelial phenotype ( Fig. 2C and D) . Correspondingly, expression of EMT transcription factor Twist as well as Slug and Snail was increased in b2SP À/À MEFs compared with b2SP wt MEFs cells ( Fig. 2E and Supplementary Fig.  S3 ). These data suggest that Notch signaling activation because of loss of b2SP in MEFs may activate an epithelial-mesenchymal transition (EMT)-like phenotype or proliferative potential of the cells.
Downregulation of b2SP in esophageal adenocarcinoma tumor cells increases SOX9 expression and nuclear localization
To determine the direct control of Notch and SOX9 by TGF-b signaling in esophageal adenocarcinoma tumor cells, we knocked down b2SP by lentivirus short hairpin RNA (shRNA) in 3 esophageal adenocarcinoma cancer cell lines: SKGT-4, FLO-1, and BE3 (Fig. 3A) . As expected, downregulation of b2SP increased SOX9 expression by 2.6-, 5.4-, and 2.5-fold in SKGT-4, FLO-1, and BE3 cells, respectively ( Fig. 3A and B ). ICN1 and SOX9 levels were greatly increased in the nucleii of b2SP knockdown cells compared to vector control cells (Fig. 3C) . Notch target Hes-1 and its ligand Jagged1 promoter activities were increased because of knockdown b2SP ( Supplementary  Fig. S1B and S1C). These data suggest that TGF-b signaling directly activate Notch signaling and increases SOX9 in esophageal adenocarcinoma tumor cells.
Loss of b2SP increases transcription of SOX9 via Notch signaling
We detected the mRNA level of SOX9 in SKGT-4 and BE3 using quantitative RT-PCR. Results in Fig. 4A show that the mRNA level of SOX9 was increased by b2SP knockdown in both SKGT-4 and BE3 cells. Using transient transfection of a SOX9 luciferase promoter into esophageal adenocarcinoma cells, we found that loss of b2SP increased SOX9 promoter luciferase activities in both SKGT-4 and BE3 esophageal adenocarcinoma cells (Fig. 4B) .
To further analyze SOX9 promoter that is responsive for loss of b2SP, we transfected luciferase reporters containing various lengths of the SOX9 proximal promoter (Fig. 4C, left) into SKGT-4 cells with or without b2SP knockdown. SOX9 promoter activity was reduced dramatically with deletion of both the Notch-RBP-Jk and Smad3 SBE-binding sites in the promoter and the responsiveness to loss of b2SP on SOX9 promoter activity was greatly reduced as well (À218 construct). Conversely, 3 other SOX9 promoter constructs (À718, À839, and À1,034) kept the high responsiveness to loss of b2SP because they maintained intact binding sites for both RBP-Jk and Smad3. These findings indicate that cooperation of the Notch RBP-Jk-binding site and SBE in the SOX9 promoter may control the upregulation of SOX9 transcription. Reintroducing b2SP (pEF6-b2SP) into b2SP knockdown cells blocked the induction of SOX9 promoter activity by loss of b2SP (Fig. 4D) . Cotransfection of dominant-negative MAML (MigR-dnMAN) with SOX9 promoter luciferase into esophageal adenocarcinoma cells greatly reduced SOX9 promoter activity (Fig. 4E, left) . Moreover, cotransfection of b2SP cDNA decreased SOX9 transcriptional activity and cotransfection active Notch1 (MigR-ICN1) expression vector increased SOX9 promoter activity, whereas dominant-negative MAML blocked MigR-ICN1-induced SOX9 
Poorly Esophageal Adenocarcinoma
Cumulative recurrence-free survival probability SOX9 nuc. staining Figure 1 . Nuclear SOX9 expression in esophageal adenocarcinoma tumor tissues correlates with poorer clinical outcome. A, tissue microarray slides were immunohistochemically stained using SOX9 antibody as described in Materials and Methods. A, representative staining of SOX9 was shown in normal esophagus and esophageal adenocarcinoma with well-, moderate-, and poorly differentiated tumors. B, nuclear SOX9 staining in different stages of esophageal adenocarcinoma tumor tissues. The tumors were categorized into SOX9 low and SOX9 high based on the scoring of nuclear staining in tumor cells and staining intensity. C, Kaplan-Meier survival analysis indicated that high levels of nuclear SOX9 expression are associated with poor survival in esophageal adenocarcinoma patients (P < 0.05).
activation (Fig. 4E, right) . This further indicated that SOX9 upregulation induced by loss of b2SP through Notch signaling.
Interaction between Smad3 and ICN1 via Smad3 MH1 domain To determine the exact mechanisms by which loss of b2SP increased SOX9, we proposed that interaction between Smad3 and active Notch intracellular domain (ICN1) may mediate induction of SOX9. We incubated lysates from bacteria expressing different lengths of GST-Smad3 including full length and the MH1, MH2, and Link domains (Fig. 5A ) with total protein lysate from SKGT-4 and BE3 esophageal adenocarcinoma cells and pulled down with GST-sepharose-4B beads and detected with ICN1 antibody, which recognize only cleaved active 
Hes-1 protein level
Notch1. Normally, active Notch1 is barely detected in the total cell lysate (Fig. 5C, lane 1) , but we detected strong interactions between Smad3 and ICN1 in both SKGT-4 and BE3 esophageal adenocarcinoma cells after full-length Smad3 expressed in the pGEX-4T vector (Fig. 5C, lane 3) , but not in control vector pGEX-4T (Fig. 5C, lane 2) . Furthermore, the interactions between Smad3 and ICN1 were limited to the MH1 domain of Smad3 as showed in Fig. 5C , lane 4 and downregulation of b2SP increased this binding by 2-fold (Fig. 5D ). The direct binding between constitutive Smad3 and ICN1 further confirmed by co-IP with anti-Smad3 antibody and detected with ICN1 antibody showed in Fig. 5B (top) . Interestingly, when transfection with Flag-Smad3 and pull-down with anti-Flag antibody in these cell lysate, stronger bindings were found in esophageal adenocarcinoma cells with knockdown of b2SP (Fig. 5B, bottom) . These further indicated that there is direct interaction between Smad3 and ICN1 especially when loss of b2SP.
In addition, Smad3 DNA-binding ability was increased in shRNA b2SP knockdown esophageal adenocarcinoma cells compared with control cells as assessed by gel shift assay (Fig. 5E) . The specific binding of Smad3 on the SBE DNAbinding site was confirmed using 200-fold excess unlabeled probes to block this binding and the Smad3 DNA-binding ability was disrupted when Smad3, RBP-Jk, or ICN1 antibody was incubated with SKGT-4 cell lysate before adding to the SBE probe (Fig. 5E ). This indicates that the DNA-binding protein complex may contain Smad3, RBP-Jk, and ICN1. ChIP assay (Fig. 5F) showed that Smad3 binds in the proximal promoter of SOX9, and this binding was enhanced by loss of b2SP in esophageal adenocarcinoma cells. The design of SOX9 promoter primers used for ChIP assay depicted in Fig. 5F (bottom) , which flanks the binding sites of RBPJk and Smad3 (SBE).
Functional consequence of loss of b2SP and activation of Notch signaling in esophageal adenocarcinoma cells
We proposed that increased expression of SOX9 and Notch signaling because of loss of b2SP may expand the putative cancer stem cell proportion. By flow cytometry analysis with stem cell marker OCT3/4, we found that knockdown of b2SP expanded putative cancer stem cells labeled with OCT3/4 by more than 20-fold in esophageal adenocarcinoma cells compared with control cells (Fig. 6A and B) . Expression of OCT3/4 and Lgr5 was increased in shb2SP SKTG4 cells compared to its control ( Supplementary Fig. S4 ).
Downregulation of b2SP significantly increased tumor sphere numbers in esophageal adenocarcinoma cells (Fig.  6C ) and enhance cell invasion (Fig. 6D) . Furthermore, knockdown SOX9 in the background of depleted b2SP or Notch inhibitor GSI decreased the capacities of tumor sphere formation and invasion ( Fig. 6C and D) . Results from in vivo xenograft model further confirmed that mice with knockdown b2SP group significantly increased tumor growth compared with control group (P < 0.001), whereas double knockdown SOX9 and b2SP or GSI reduced tumor growth compared to shb2SP alone group (P < 0.001; Fig. 7A-C) . The expression of stem cell markers as well as active form of Notch1 (ICN1) were increased in mice tumors with knockdown b2SP (Supplementary Fig.  S2B ). This indicates loss of b2SP in tumor cells enhances oncogenic properties of esophageal adenocarcinoma cells, which may be because of activating Notch signaling and its target SOX9, whereas knockdown SOX9 or blocking Notch signaling by GSI rescued the phenotype of loss of b2SP.
The functionality of b2SP loss was illustrated by reduced canonical TGF-b signaling targets and increased expression of Notch signaling targets. As showed in Fig. 7D , loss of b2SP in esophageal adenocarcinoma tumor cells or in MEFs led to decrease in canonical TGF-b signaling targets-p27, p21, and E-cadherin, whereas increased expression of Notch targets-SOX9 and C-MYC. Diagram in Fig. 7E illustrates the proposed model by which loss of TGF-b signaling adaptor b2SP engages and activates Notch signaling and increases the expression of SOX9. Loss of b2SP disrupts canonical Smad3 complex with b2SP, Smad4 and leads to reduced expression of p27, p21, and E-cadherin. Instead, a tumor promotion complex forms by recruiting ICN1 and RBP-Jk and subsequently activating Notch signaling targets SOX9 and C-MYC. 
Discussion
TGF-b pathway plays a dual role in the development and progression of epithelial cancers (7) . In normal and premalignant cells, TGF-b signaling enforces homeostasis and suppresses tumor progression, whereas in established malignancy, TGF-b signaling abused by cancer cells plays a role in tumor promotion and invasion. The mechanism of this signaling function switch during carcinogenesis and cancer progression is unclear. In this study, we show that loss of an important TGFb adaptor b2SP in esophageal adenocarcinoma and MEF cells leads to activation of Notch signaling and increased expression of SOX9; high levels of nuclear SOX9 expression are associated with poor survival and adverse disease status (lymph node metastasis) in esophageal adenocarcinoma patients. A direct interaction between Smad3 and ICN1 via Smad3 MH1 domain was observed and loss of b2SP increases the binding of Smad3 with ICN1 and induces Notch targets SOX9. Our findings suggest that loss of b2SP may switch TGF-b signaling function from tumor suppression to tumor promotion by engaging Notch signaling and increasing the expression of SOX9 (Fig. 7E) .
TGF-b signaling restricts carcinogenesis in earlier stage of tumors. Proper control of TGF-b signaling tumor suppressive (14, 38) . Previously, we reported that loss of TGF-b signaling components-b2SP, Smad4, and TBRII-correlates with increased expression of Notch signaling components-Hes1 and Jagged1-in esophageal adenocarcinoma tissues (28) . In this study, we show that loss of b2SP in TGF-b signaling directly gives rise to activation in Notch signaling exemplified by increased Notch1 receptor and nuclear ICN1 expression in both MEFs and esophageal adenocarcinoma cells. But other Notch receptors (Notch 2-4) and g-secretase components such as presenilin1/2, PEN2, and nicastrin were not affected ( Supplementary Fig. S1A ). This suggests that loss of b2SP mainly increased Notch1 activation in esophageal adenocarcinoma cells; and this may occur downstream of the cleavage of Notch1 receptor by g-secretase complex through increased binding between Smad3 and ICN1 and prevent its degradation and facilitate its translocation to the nucleus. SOX9 plays a pivotal role in embryonic development and its expression marks a subset of CD24-expressing adult epithelial stem cells (37) and links to progenitor status in gastrointestinal tract, liver, and pancreas (24, 39) . The proximal promoter of SOX9 contains both SBE and RBP-Jk-binding sites in close proximity to each other. We found that nuclear SOX9 expression in tumor tissue increases along with tumor stage and indicate an adverse clinical outcome. For the first time, we showed that loss of b2SP leads to an increase of SOX9 expression at the transcriptional level by the coordination among Smad3, ICN1, and RBP-Jk in the promotion of SOX9 upon loss of b2SP. The cross-talk between Notch and TGF-b signaling has been reported previously and showed activation of TGF-b signaling upregulation of Hes-1 through cooperation between Smad3 and ICN1 (40) . Our findings suggest loss of b2SP may permit Smad3 to recruit ICN1 as its coactivator and binds more avidly to its SBE and RBP-Jk sites in the form of a complex with ICN1 and activate Notch signaling target SOX9. Dysfunctional TGF-b signaling via loss of b2SP has the potential to increase the putative cancer stem cell proportion and significantly enhance tumor sphere formation and invasive capacities, which are critical for their malignancy. This may be because of a TGF-b tumor suppression complex including Smad3, Smad4, and b2SP disrupted upon loss of b2SP and leads to reduced expression of p27, p21, and Ecadherin. Instead, a tumor promotion complex may form by recruiting ICN1 and RBP-Jk and activating Notch signaling targets SOX9 and C-MYC (Fig. 7E) . Our findings introduce an important mechanism for how TGF-b signaling function switches from tumor suppression to tumor promotion during esophageal carcinogenesis by loss of b2SP and subsequent activation of Notch and SOX9 oncogenic signaling.
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In conclusion, this study provides evidence for the first time loss of b2SP directly activates Notch signaling and increased the expression of SOX9 by the interplay between Smad3 MH1 domain and ICN1. This interplay seems critical for switching TGF-b signaling function from tumor suppression to tumor promotion. Results from this study begin to shed some light on the complex role of TGF-b signaling in esophageal tumor biology and promise to elucidate the mechanisms and predictors of Barrett's progression and yield novel target therapeutics for esophageal adenocarcinoma. 
